P-selectin, CD-40 ligand, osteoprotegerin, urinary isoprostanes, myeloperoxidase and fibrinogen] were measured on fasting blood samples. Serum creatinine-based estimated glomerular filtration rate (eGFR) and serum cystatin C concentration were used to assess kidney function. Urinary albumin-to-creatinine ratio (UACR) was used to assess albuminuria. Linear or logistic regression was used to test associations between biomarkers and kidney measures. Results. Chronic kidney disease (CKD), defined as eGFR <59/64 mL/min/1.73 m 2 in women/men, was present in 8.8% (n = 291) of participants. TNF-alpha, interleukin-6, TNFR2, MCP-1, osteoprotegerin, myeloperoxidase and fibrinogen were higher among individuals with CKD; all biomarkers except for urinary isoprostanes were elevated in higher cystatin C quartiles; and TNF-alpha, interleukin-6, TNFR2, ICAM-1 and osteoprotegerin were elevated in higher UACR quartiles-all assessed after multivariable adjustment. Almost 6% and 17% of variability in TNFR2 were explained by CKD status and higher cystatin C quar
Introduction
Chronic kidney disease (CKD) is an independent risk factor for cardiovascular diseases (CVD) [1, 2] , and most people with mild-to-moderate CKD die from CVD before needing kidney replacement therapies [3] . Systemic inflammation has been proposed as one of the non-traditional mechanisms contributing to higher CVD burden in individuals with CKD [4] .
Multiple studies have demonstrated associations between measures of inflammation, including C-reactive protein (CRP) [5] [6] [7] [8] [9] [10] [11] , interleukin-6 [7, 9] , tumour necrosis factor receptor 2 (TNFR2) [11, 12] and fibrinogen [5, 8, 9, 12] , and lower kidney function. Furthermore, markers of inflammation have also been shown to be associated with adverse cardiovascular outcomes and mortality among patients with CKD [13] [14] [15] [16] . These observations suggest an important role for inflammation in the cardiovascular health of CKD patients.
Although prior studies have examined associations between one or a small panel of inflammatory markers and selected measures of kidney disease [5, 6, [8] [9] [10] [11] [12] , there is a dearth of studies examining relations between a comprehensive panel of markers representing multiple potential inflammatory pathways and kidney measures in a community-based setting. We hypothesized that a broad array of inflammatory biomarkers is associated with lower kidney function and albuminuria in the community. To test this hypothesis, we examined the relations between 13 inflammatory markers and CKD, defined using Modification of Diet in Renal Disease (MDRD)-estimated glomerular filtration rate (eGFR), cystatin C and urinary albuminto-creatinine ratio (UACR) in the Framingham Offspring cohort.
Materials and methods

Study sample
Study participants were comprised of members from the Framingham Offspring Study who attended the seventh examination cycle (1998) (1999) (2000) (2001) . The design of the Framingham Offspring Study has been described previously [17] . Out of 3539 eligible participants, we excluded participants with missing creatinine (n = 232), missing covariates (n = 13), missing UACR (n = 633; excluded only for albuminuria analyses) and missing cystatin C (n = 65; excluded only for cystatin C analyses), resulting in 3294 participants for CKD analyses, 3229 participants for cystatin C analyses and 2661 participants for albuminuria analyses. The study was approved by the Boston University Medical Center Institutional Review Board, and all participants provided written informed consent.
Assessment of inflammatory markers
Inflammatory markers were measured from fasting blood samples obtained during the seventh examination cycle (1998-2001) that were kept frozen at −80°C. CRP was quantified using a high-sensitivity assay [Dade Behring BN100 nephelometer, Dade Behring Diagnostic, Marburg, Germany; intraassay coefficient of variation (CV) =3.2% on 139 phantom replicates], and fibrinogen was quantified from citrated plasma by the Clauss method (Diagnostica Stago Reagents, Diagnostica Stago Incorporate, Parsippany, NJ, USA; intra-assay CV = 2.1%). Additional markers were quantified using enzyme-linked immunosorbent assay (ELISA) kits [R&D Systems Incorporate, Minneapolis, MN, USA for interleukin-6, TNFR2, intercellular adhesion molecule-1 (ICAM-1), P-selectin, monocyte chemoattractant protein-1 (MCP-1); Bender MedSystems, Vienna, Austria for CD40 ligand; Cayman Chemical, Ann Arbor, MI, USA for isoprostanes; OXIS International Incorporate, Beverly Hills, CA, USA for myeloperoxidase; and BioMedica Incorporate, San Diego, CA, USA for osteoprotegerin] and run-in duplicates. Mean intra-assay CVs from serum specimens were 3.7% for ICAM-1, 3.1% for interleukin-6, 3.8% for MCP-1, 3.0% for myeloperoxidase and 3.7% for osteoprotegerin, and from plasma specimens were 4.4% for CD40 ligand, 1.1% for fibrinogen, 3.7% for osteoprotegerin, 3.0% for P-selectin 3.0% and 2.2% for TNFR2. Urinary isoprostanes were quantified on morning urine specimens using ELISA (Cayman Chemical, Ann Arbor, MI, USA; intra-assay CV = 9.6 ± 6.8%) and indexed to urinary creatinine concentration (Abbot Spectrum CCX, Columbus, OH, USA; intra-assay CV = 2-4%).
Assessment of kidney function
Kidney function was assessed using eGFR and cystatin C concentration. The four-variable MDRD study equation was used to calculate eGFR [18, 19] . The CKD definition was based on the previously described slight modification of the National Kidney Foundation Kidney Disease Outcome Quality Initiative working group's definition of CKD [18, 20] . CKD was defined as eGFR <59 mL/min/1.73 m 2 in women and <64 mL/ min/1.73 m 2 in men [20] . Serum creatinine was measured using the modified Jaffe method (inter-assay CV = 2.8% and intra-assay CV = 4.0%), and calibrated for the MDRD study equation using a previously described two-step process to minimize any potential inter-laboratory variability [20] . Serum cystatin C was measured using particle-enhanced immunonephelometry (Dade Behring BN 100 nephelometer; Dade Behring Diagnostic, Marburg, Germany; intra-assay CV = 2.4% and inter-assay CV = 3.3%).
Assessment of albuminuria
Albuminuria was assessed using UACR measurements. UACR is a validated and reliable indicator of the 24-h urinary albumin excretion [21] . Urinary albumin concentration was measured by immunoturbimetry (Tina-quant albumin assay; Roche Diagnostics, Indianapolis, IN, USA; intra-assay CV = 7.2%). Urinary creatinine concentration was measured using a modified Jaffe method (intra-assay CV = 2.3%). Urinary albumin and creatinine measurements were performed on average 2.9 years before the seventh examination cycle in the Offspring sixth examination cycle (1995-98).
Risk factor assessment
Details regarding the methods of risk factor measurement and laboratory analysis have been described [22] . Each examination included a CVD assessment and blood testing. Diabetes was defined as having a fasting glucose level ≥126 mg/dL (7.0 mmol/L) or being treated by insulin and/or oral hypoglycaemic medications. Hypertension was defined as having systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg (average of two readings taken by the examining physician) or being treated by antihypertensive medications. Total and high-density lipoprotein (HDL) cholesterol concentrations were measured from fasting blood samples (Table 1) . Smoking status was defined as smoking one or more cigarettes per day in the year preceding the examination. Body mass index was defined as weight (kilograms) divided by height (metres) squared.
Statistical analysis
Inflammatory biomarkers were defined as dependent variables, and kidney disease measures were defined as regressor variables. Inflammatory biomarkers were log-transformed and then standardized to a mean of 0 and a standard deviation of 1 to facilitate direct comparisons among the markers. Mean concentrations of standardized inflammatory biomarkers were compared among individuals with and without CKD, in age-and sex-adjusted models ( Figure 1 ) and in multivariable-adjusted linear models (Tables 2-4) adjusting for age, sex, systolic blood pressure, hypertension treatment, smoking, body mass index, waist circumference, triglycerides, total/HDL cholesterol, lipid treatment, hormone replacement therapy, diabetes, aspirin use at least three times per week, and prevalent cardiovascular disease. Estimated GFR was also included in multivariable models for UACR analyses. We also examined inflammatory marker concentration by sex-specific quartiles of cystatin C and UACR. Secondary analyses were performed excluding individuals with either diabetes or CVD for CKD, cystatin C and UACR analyses, and individuals with CKD by eGFR for cystatin C analysis. To determine the variability in marker concentrations explained by measures of kidney function, the type III sum of squares derived by multivariable models was divided by the corrected total sum of squares.
In addition, we also performed multivariable-adjusted step-wise logistic regression analyses with CKD and albuminuria as dependent binary variables and inflammatory biomarkers as predictors.
All analyses were performed using SAS version 8.2 (SAS Institute, Cary, NC, USA). A two-sided P-value <0.05 was considered statistically significant.
Results
Overall, the 291 participants with CKD (n = 291, 8.8%) were nearly a decade older than individuals without CKD and had a more adverse risk factor profile (Table 1) .
Inflammatory markers by CKD status
Age-and sex-adjusted standardized mean marker levels by CKD status, cystatin C quartiles and UACR quartiles are presented in Figure 1A -C, respectively. Nearly all markers, with the exception of urinary isoprostanes, were higher among individuals with CKD as compared with those without CKD.
In multivariable-adjusted models (Table 2 ), higher concentrations of TNF-alpha, interleukin-6, TNFR2, MCP-1, osteoprotegerin, myeloperoxidase and fibrinogen were positively associated with CKD status. Overall, CKD status accounted for 5.7% of variability in TNFR2 concentrations. Analyses repeated after exclusion of participants with diabetes or prevalent CVD did not substantively change the results (data not shown).
Additional multivariable-adjusted step-wise logistic regression analysis with CKD as the dependent variable showed significant associations with TNFR2, ICAM-1, MCP-1 and urinary isoprostanes (Supplementary Table 1) .
Inflammatory markers by quartile of cystatin C
In multivariable-adjusted models, all inflammatory markers with the exception of urinary isoprostanes were positively associated with higher quartiles of cystatin C (Table 3) . Results were not materially different when participants with CVD or diabetes were excluded from analyses (data not shown), or when analyses were limited to individuals without CKD defined by eGFR (Supplementary Table 2 ). Nearly 17% of variability in TNFR2 concentrations was explained by higher cystatin C quartile.
Inflammatory markers by quartile of UACR
Differences in concentrations of each inflammatory marker were examined by quartiles of UACR. In multivariableadjusted models, higher TNF-alpha, interleukin-6, TNFR2, ICAM-1 and osteoprotegerin concentrations showed statistically significant associations with higher UACR quartiles ( Table 4) . Quartiles of UACR explained 0.6% of variability in TNFR2 concentrations.
Additional multivariable-adjusted step-wise logistic regression analysis with the highest UACR quartile as the dependent variable showed significant associations with TNFR2, P-selectin, osteoprotegerin and urinary isoprostanes (Supplementary Table 3 ). 
Discussion
In our community-based sample not selected for kidneyrelated outcomes, a broad array of inflammatory markers was associated with CKD status, cystatin C concentration and urinary albumin excretion. Even among individuals without CKD by creatinine-based eGFR, markers of inflammation were strongly associated with higher cystatin C quartiles. Most notably, a significant proportion of variability in TNFR2 concentration was explained by CKD status and higher cystatin C quartiles. Our data show that higher concentrations of TNF-alpha, interleukin-6, TNFR2, osteoprotegerin and fibrinogen are associated with CKD status, higher cystatin C quartiles and higher UACR quartiles. In addition, higher concentrations of MCP-1 and myeloperoxidase correlate with CKD status; higher levels of CRP, ICAM-1, P-selectin, MCP-1 and myeloperoxidase correlate with higher cystatin C quartiles; and higher concentration of ICAM-1 correlates with higher UACR quartiles.
Inflammation, oxidative stress and a pro-coagulant state are thought to be important mechanisms for CVD in patients with CKD [4] . CRP is a well-established marker of inflammation, and TNF-alpha along with interleukin-6 is a key cytokine that mediates both acute and chronic inflammation [23] . TNFR2, a soluble TNF-alpha receptor, likely plays an important role in downstream signalling of inflammatory and proliferative mediators [24] . ICAM-1 and P-selectin facilitate leucocyte recruitment and vascular transmigration, and MCP-1 recruits monocytes during the inflammatory process [23] . CD40 ligand plays a role in inducing cytokine production, fibroblast proliferation, lymphocyte proliferation and endothelial cell activation [25] . Osteoprotegerin facilitates monocyte adhesion and sensitizes endothelial cells to TNF-alpha [26] . Myeloperoxidase and urinary isoprostanes are markers of oxidative stress [27] , and fibrinogen is an indicator of a pro-coagulant state [28] .
Our findings add to the existing literature on inflammatory biomarkers and kidney disease. Multiple reports have suggested associations between kidney measures and one or small panel of inflammatory markers [5, 6, [8] [9] [10] [11] [12] . More recently, a report from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort showed significant associations between a panel of six inflammatory markers that included CRP, interleukin-6, TNF-alpha receptor-1 (TNFR1), ICAM-1, fibrinogen, and factor VIII and both CKD and cystatin C [7] . The strongest association was observed with TNFR1 for both CKD and cystatin C. The MESA Study, however, did not test the associations with urinary albumin excretion, and their panel did not include markers of oxidative stress and osteoprotegerin pathways. Our study is unique for using a wide-breadth of biomarkers involved in multiple pathways of inflammatory response as well as for robust multivariable adjustments.
We found TNFR2 to be the marker most associated with measures of kidney function and albuminuria. Our results are in agreement with the Health Professionals' Follow-up Study's findings which showed that men with TNFR2 con- For abbreviations and variables included in multivariable models, please see legend for Table 2 . Sex-specific quartiles of cystatin C were used: in women, cut-points were 0.81, 0.90 and 1.02 mg/L, and in men, cut-points were 0.86, 0.95 and 1.07 mg/g. centrations in the highest as compared with the lowest quartile have eight times more likelihood of having CKD [12] . Similarly, the post hoc analysis of the Cholesterol and Recurrent Events trial also showed that participants with the highest tertile compared with the lowest tertile of TNFR2 have the higher rate of loss of kidney function [11] . TNF-alpha receptors are cleared by kidneys [29] , and elevated levels seen with lower kidney function may be a reflection of decreased clearance. Our findings with TNFR2, the MESA Study's findings with TNFR1, and the strong associations we observed between TNF-alpha and kidney function suggest that TNF-alpha pathway may potentially be a key player in the mediation of inflammation in kidney disease. CRP, in our study, was not related to CKD after accounting for CVD risk factors. This finding is consistent with the results from post hoc analysis of the MDRD Study which showed that CRP did not correlate with worsening kidney function over a 2.2-year follow-up period [30] . Our finding, however, is in contrast with the observations in the MESA Study, the Cardiovascular Health Study, and the report from the National Health and Nutrition Examination Survey III dataset that showed higher CRP in individuals with CKD [7] [8] [9] . Difference in the definition of CKD and the use of more limited covariate models in other reports may account for the inconsistent results. It is, therefore, uncertain if CRP is associated with mild-to-moderate CKD in the community after accounting for multiple CVD risk factors.
Our results for markers of oxidative stress were variable. Unlike a prior report of higher plasma F2 isoprostane concentration in individuals on haemodialysis [31] , we observed lower urinary isoprostane levels in participants with CKD. We also did not observe significant relations between urinary isoprostane concentration and higher cystatin C quartiles. Higher myeloperoxidase levels, on the other hand, were associated with both CKD and higher cystatin C quartiles. Future studies are needed to better delineate roles of specific oxidative stress markers in kidney disease.
Our study has a number of strengths. We examined a broad panel of biomarkers representing multiple pathways involved in the inflammatory process. Our assessment of kidney disease was comprehensive with the use of serum creatinine, cystatin C and UACR. Our multivariable adjustments were robust, and our sample size provided adequate power to detect modest associations.
The most important limitation of our study is our inability to infer causality from the observed associations. This limitation is inherent in cross-sectional and observational studies and is particularly important in our study as some inflammatory biomarkers may have shown associations with kidney disease simply as a result of lower renal clearance. Higher biomarker concentration in these cases may be the result of rather than the cause of lower kidney function. This may be an important consideration for markers like TNF-alpha receptors which are cleared by kidneys but not for biomarkers such as CRP and interleukin-6 which are non-renally cleared. [29] Our study has some other important limitations. Our samples were composed entirely of individuals of European ancestry, and it is uncertain how our findings might apply to other racial and ethnic groups or to a group selected for kidney pathology. We defined CKD using a one-time measurement of serum creatinine, and this could have led to misclassifications as the MDRD equation underestimates kidney function in individuals without CKD [32] . Some individuals who were classified as having CKD may have had reversible causes for lower kidney function as well. It is also possible that albuminuria and reduced kidney function may just be markers of systemic vascular disease, and the associations between inflammatory biomarkers and kidney measures may have reflected associations between inflammation and vascular diseases. Our primary findings, however, did not change when individuals with prevalent CVD or diabetes were excluded from the analysis. Finally, not accounting for the presence of chronic inflammatory conditions in our participants may have potentially confounded our analyses as well.
Our study has important implications for future research. Our findings show that inflammation is significantly associated with mild-to-moderate CKD in community-dwelling individuals. Our results also suggest that numerous path- Table 4 . Multivariable-adjusted least-squares means and standard errors of inflammatory markers (dependent variables) by UACR quartile For abbreviations, see legend for Table 2 . Multivariable models included estimated GFR in addition to variables noted in legend for Table 2 . Sexspecific quartiles of UACR were used: in women, cut-points were 3.6, 8.5 and 18 mg/g, and in men, cut-points were 2.1, 4.8 and 10.3 mg/g. Inflammatory markers are standardized to a mean of 0 and a standard deviation of 1.
ways are likely involved in mediating inflammation in CKD. The strong results for TNF-alpha and TNFR2 indicate the particular importance of the TNF-alpha pathway in kidney disease. Future research from well-powered longitudinal studies is needed to better characterize the potential role of various inflammatory markers in assessing for adverse CVD outcomes in individuals with mild-tomoderate CKD.
